Linear DNA molecules are subject to degradation by various exonucleases in vivo unless their ends are protected. It has been demonstrated that a specific 8-bp sequence, 5'-GCTGGTGG-3', named Chi, can protect linear double-stranded DNA from the major Escherichia coli exonuclease RecBCD. Chi protects linear replication products of rolling-circle plasmids from RecBCD degradation in vivo, in agreement with observations in vitro. A unique 7-bp sequence, 5'-GCGCGTG-3', is shown to protect similar replication products from degradation in Lactococcus lactis strains but not in more distantly related Gram-positive bacteria. The properties of this sequence in L. lactis correspond to those of a Chi site. Linear plasmid replication products have been detected in numerous prokaryotes, suggesting the widespread existence of short species-specific sequences that preserve linear DNA from extensive degradation by host cell exonucleases.
hybridization (11, 24) . HMW also accumulates in recBCD+ E. coli on the condition that the plasmid contains a Chi site; the presence of Chi protects HMW from RecBCD degradation (11) . HMW accumulation is thus a sensitive indicator of the presence of Chi on the plasmid (P. Dabert, S. Sourice, and A.G., unpublished data). RC plasmids are widespread, and their replication has been well characterized (for review, see ref. 22) . HMW accumulation by insertion of foreign DNA inserts has been observed in several organisms (22) and, by analogy with E. coli, may indicate that a Chi site exists on the insert. In this work, we assume this to be the case.
By using HMW as criterion, we found that the sequence 5'-GCGCGTG-3' is necessary and sufficient to block degradation of linear DNA in L. lactis. We predict that Exo V activity in other Gram-positive bacteria will also be attenuated by short specific DNA sequences.J Double-stranded (ds) DNA ends, which exist permanently or transiently in the cell, are susceptible to degradation by cellular exonuclease (Exo). Linear genomes, such as eukaryotic and some prokaryotic chromosomes, plasmids, and many viruses, are often capped with specific sequences or proteins that appear to protect them from degradation (1) (2) (3) (4) . Certain Escherichia coli bacteriophages do not have protected dsDNA ends but avoid degradation by synthesizing proteins that inhibit the major cellular Exo, known as ExoV or RecBCD (5-7). However, dsDNA breaks, created by cellular endonucleases or DNA damaging agents, are substrates for ExoV and can be lethal to the cell if not repaired. In vivo and in vitro studies show that an octanucleotide sequence (8) known as Chi has a role in protecting E. coli DNA from ExoV (9) (10) (11) (12) (13) (14) (15) . Degradation initiating from a DNA break site is attenuated by a Chi encounter, which may be the first step in DNA repair via homologous recombination (refs. 16 and 17; for review, see ref. 18 ).
RecBCD appears to be essential for DNA housekeeping and repair. RecBCD analogues have been found in numerous bacteria (19, 20) and may even exist in yeast (21) . It (11) . Degradation is prevented if a Chi site is present on the RC plasmid or if the strain is RecBCD-dsDNA-Exo-defective (Lower Right); in these cases, the tail of the form is extended, as visualized by HMW accumulation after Southern blot hybridization of gels (24) . (B) Insertion of certain foreign DNA fragments into the RC plasmid prevents HMW DNA degradation in L. lactis. Pseudomonas aeruginosa chromosomal DNA fragments (400-500 bp) were inserted into RC plasmid pG+host4 and resultant plasmids were established in L. lactis.
Minilysates of strains containing plasmids were subjected to gel electrophoresis and Southern blot hybridization (24) ATP-dependent ExoV activity. E. coli recBCD+ and L. lactis extracts showed similar ratios of ExoV activities with ATP, compared to extracts without added ATP. Lower specific activity of ExoV found in L. lactis extracts may be due to species differences or to loss of activity during the extraction procedure. These results show that L. lactis has ATPdependent ExoV activity.
Identification of the L. lactis Chi-Like Attenuation Site. We searched in L. lactis for any sequences that protect HMW from degradation. Random 400-bp to 500-bp P. aeruginosa DNA (67% G+C rich) fragments were cloned into an RC plasmid and established in L. lactis. G+C-rich DNA was used, as it was found more likely to provoke accumulation of HMW in different microorganisms (24, 35) . No HMW was detected in plasmid without inserts (Fig. 1B, lane 9) . Inserts of three HMW producer (lanes 2, 5, and 8) and two nonproducer (lanes 1 and 6) plasmids were sequenced. Sequential left-or right-ward deletions of one HMW-positive 392-bp insert (lane 2) resulted in the identification of an 8-bp sequence, 5'-GCGCGTGC-3', that provokes HMW accumulation. A matching 7-bp sequence, missing the 3'-cytidine, was found on the two other HMW-positive, but not the two HMW-negative, clones. Insertion of this 7-bp sequence into the RC plasmid resulted in HMW accumulation (Fig. 2) . Alteration of the 5' guanosine (oligonucleotide Lm; Fig.  2 ) or the 3' guanosine (see below) abolished HMW accumulation. We thus identified the 7-bp sequence 5'-GCGCGTG-3' as sufficient to protect linear DNA from degradation in L. lactis.
Interestingly, in contrast with results in E. coli, orientation of the 7-bp sequence had little if any effect on HMW accumulation in L. lactis. Both orientations resulted in substantial amounts of HMW, although the oligonucleotide present on the L2 linker sometimes gave the stronger HMW signal. RC plasmid replication involves two steps that could produce RecBCD substrates: Plus-strand replication generates 0r-form intermediates that could provide a dsDNA tail for RecBCD to enter (22) . During minus-strand replication (opposite polarity), conversion of a single-stranded DNA circle to dsDNA may give rise to a c-form substrate for RecBCD if the 5' starting end of newly synthesized DNA is displaced from its template (36) . In E. coli, the polar effect of Chi on RC plasmids suggests that the majority of RecBCD substrate is formed during plus-strand synthesis (11) . It is possible that in L. lactis, this equilibrium is shifted and that minus-strand replication also generates substrates for ExoV. At present, the alternative explanation, that ExoV recognizes the 7-bp sequence in either orientation, cannot be excluded. Five of the seven positions of the lactococcal sequence are identical to the Chi sequence of E. coli (Fig. 3) . The structural and functional similarities suggest that the identified L. lactis sequence corresponds to a Chi analogue, and we tentatively refer to it hereafter as ChiL. We expect that, as in E. coli, ChiL has a stimulatory effect on homologous recombination when present on a linear substrate; this prediction remains to be tested. The identification of ChiL and the fact that RC plasmids with DNA inserts accumulate HMW in a wide range of microorganisms (22, 35) suggest that cellular ExoVs are generally accompanied by short specific sequences that attenuate their activities.
Uniqueness of the ChiL Sequence. The effect of point substitutions on ChiL activity was examined. No HMW accumulated if any position of the sequence was altered (Fig. 4) . As the same sequence was present on the three HMW+ plasmids analyzed and, in each case, a single nucleotide alteration in ChiL abolished HMW (data not shown), we conclude that the fully active ChiL sequence is unique. However, it is possible that substitutions other than those directly examined have partial ChiL activity, as reported for the E. coli Chi (37) . Screening of protective DNA inserts did reveal low-level HMW producers (e.g., see Fig. 1B ), suggesting that partially active ChiL sites might exist. One insert that gave a weak HMW One unit of Exo activity is the amount of enzyme that produces 1 nM acid-soluble nucleotide under the above conditions. Exo activity was determined from two lysates, and the average cpm are presented.
A 1 nM equivalent of nucleotide produces 2 x 104 cpm.
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ChiL sequence is unique. The ChiL substitutions shown are present on certain RC plasmids used in this study and were tested for HMW accumulation: GI -* C substitution is present on Lm linker (Fig.  2) ; C2 -* A and C4 --T substitutions are present on different subfragments of insert 2 (Fig. 1B) (38) . Thus, these results predict that Chi-like sites will differ between organisms. Recombination hot spots in eukaryotes have been previously associated with the presence of E. coli Chi homologues (39) (40) (41) (42) (43) . Chi-like sites have been reported on immunoglobulin genes (39) , within the major human histocompatibility complex DNA (40), on minisatellite DNA (41) , and adjacent to oncogene translocation break points (42, 43) . Our data predict that a eukaryotic Chi site would differ from (18, 45) . Does the cell distinguish between self and foreign linear DNA? RecBCD, with restriction-modification systems, could serve as a first line of defense against heterologous incoming DNA. We propose that the overrepresented Chi sequence present on self DNA and on DNA of closely related organisms will protect these DNA species from degradation, either after DNA damage or during DNA uptake. In contrast, heterologous DNA contains the Chi site at only the predicted low frequency and would be degraded before further discrimination by recombination processes can begin. Examples of "self' recognition come from Haemophilus influenzae, for which DNA uptake during competence is preferential for self sequences. In the former case, a specific 11-bp motif was identified that confers self-specificity (46); the sequence, like Chi, is present every -4 kb on the chromosome rather than at its expected low frequency of about once per chromosome (47) .
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